Cilium is a conservative cell organelle, found in many types of cell surfaces. Cilia are tail-like prominence protruding out of the cell surface, capable of locomotion and acting as the cell's signal transduction sensory organs with their complex structures and ingenious function. Studies have shown that ciliary pathological changes and defects are related to the development of many diseases, including renal cysts, infertility, organ reversal, obesity and so on. The inactivation and mutation of cilia-related proteins can cause tumors, such as neoplasms, intestinal cancer, myeloma, rhabdomyosarcoma and adenocarcinoma. Adenomatous polyposis coli (APC) is a kind of multifunctional protein encoded by the APC gene that participates in many vital activities of organisms. The mutation of APC can lead to familial adenomatous polyposis, and also has a role in the development of human tumors, such as gastric cancer, esophageal cancer and breast carcinoma. Recent studies indicate that the abnormal mutation of APC may lead to some diseases caused by abnormal growth of cilia. Herein, the development of studies on cilia, APC and associated diseases are summarized in brief.
Introduction
Cilia are microtubule-based organelles that protrude out of the cell surface, mainly composed of cilia membrane and axial filament. Cilia are very conservative during evolution process, found in many unicellular and multicellular organisms (Chodhari et al., 2004) . For a long time, cilium has been considered as a kind of remaining degenerative organelle after the long evolution of vertebrates. The cilium has been linked to a large class of human diseases and syndromes (the 'ciliopathies'), ranging from kidney cyst, retinal degeneration and abnormal situs to obesity and diabetes. Recent researches show that cilia have a significant role in embryonic development and tumorigenesis. Although canonical Wnt signaling is implicated in a large number of developmental and disease processes, and a number of Wnt signaling components have been observed at basal bodies of cilia, which include b-catenin and adenomatous polyposis coli (APC). The adenomatous polyposis coli, a tumor suppressor gene, has a critical role in several cellular processes, such as signal transduction, microtubule polymerization, chromosome segregation and cell adhesion. The researches have indicated that the mutation of APC can lead to many kinds of pathological changes, including certain diseases related to the growth disorder of cilia. The aim of this review is to summarize the development of studies on cilia, APC, the association between them and their influence on human diseases. We expect that cilia research continues to be an active area of research in the next decade, and new findings about the relationship between cilia and APC will provide crucial insights into understanding the ciliopathies caused by APC truncation.
Ciliary structure and function
Based on the construction difference of microtubule, cilia are broadly classified into two types, the '9 þ 2' motile cilia and the '9 þ 0' primary cilia. The '9 þ 2' motile cilia, capable of motor function, are localized on the surface of mammalian cells, whose physical function depends on the collaborative swing among neighboring cells (Figure 1 ). The motile cilia are mainly distributed in the respiratory tract, epithelial cells of the oviduct and genital tract, efferent ductules of the testis and ependymal lining of the brain and etc (Michaud and Yoder, 2006) . Unlike the motile cilia, most '9 þ 0' primary cilia cannot move (the only exception is embryonic node cilia) (Tanaka et al., 2005) . Usually, there is only one '9 þ 0' cilium growing in a cell, so it is also called primary cilium. So far, primary cilium has been found in almost every type of mammalian cells, such as the bile duct, the kidney tubule and fibroblast. Even the retinal photoreceptor has modified primary cilia (Lancaster and Gleeson, 2009) .
A typical cilum is in general about 5-10 mm long, with a diameter of 0.3-0.5 mm. However, the primary cilia are very small, typically 5 mm in length and 0.2 mm in diameter, which can be observed by microscope or electron microscope. The basic construction of cilia consists of a microtubule cytoskeleton-the axoneme and the surrounding ciliary membrane. The axoneme of '9 þ 2' cilium comprises nine doublet microtubules surrounding a pair of central microtubules, while the '9 þ 0' primary cilia lack the central pair. Cilia extend from the basal body derived from the mother centriole that serves as a microtubule-organizing center. Microtubule is composed of tubulin heterodimers, which consist of a and b subunits. Each pair of peripheral diplomicrotubule can be divided into two parts, A and B. A is a complete microtubule, with 13 original protofilaments parallel to each other, while B microtubule is an incomplete microtubule containing only 10 protofilaments paralleling to each other. The inner dynein arms and the outer dynein arms, both having ATPase activity, associate with each peripheral microtubule and initiate the hydrolization of ATP to supply energy for the sliding of neighbor microtubules and cilia motion (Escudier et al., 2009) . The '9 þ 2' motile cilia often have dynein arms connected with peripheral diplomicrotubule. Most of the '9 þ 0' primary cilia lack dynein arms and are adjacent to outer doublet microtubules. The primary cilia are also connected by linkers composed of the protein nexin. The transition zones of the junction between matrix and cilia axoneme consist of a 'Y'-type filament, which exists between peripheral microtubules and cilia membrane. Although cilia membrane and cell membrane connect to each other in structure, their makeup and function are entirely different. The transition zones are composed of a network of fibers, which separate cilia from cell body and only allow cilia-related proteins to pass (Sloboda, 2004; Eley et al., 2005) . The transition zones may be the location for regulation of the trafficking of ciliary components. There is an important structure named complex microtubule-capping structure at the distal tips of cilia. It links the ends of the axonemal microtubules to the ciliary membrane (Figure 1) .
Although every kind of cilia has the same basic construction, many cilia with structural differences may appear in different types of cells, and show the diverse biological functions. Several studies indicate that motion is one of the main functions of cilia, and its impairment may result in severe phenotypes. In the oviduct epithelial cells with cilia, ovum is pushed by cilia to accomplish fertilization. In the epithelial cells of lung, cilia with their millions of tiny bristles act like a brush to move the fluid and metabolic waste. In addition, the motion of cilia have an important role in the development of brain and formation of functions. The existence of '9 þ 2' cilia in ventricle ependymal cells is necessary for the normal flow of cerebrospinal fluid. The loss of motion function of cilia can lead to an abnormal flow of cerebrospinal fluid in cerebral ventricle, which can cause hydrocephalus (Banizs et al., 2005) .
Primary cilia were considered to be a kind of evolutionary vestige in vertebrates. Recent studies have shown that primary cilia are an important sensory organelle that can detect other cells in the vicinity and sense surrounding signals of chemistry, light, hormone and olfaction, and transmit these signals into cells for proportional responses. Primary cilia have a significant role in many signal transduction pathways, including Hedgehog, Wnt, platelet-derived growth factor receptor (PDGFR) and planar cell polarity (PCP) signal path- ways. They inhibit the classic Wnt/b-catenin pathway. Their basal body is an important regulator for Wnt signal pathway. The defects of this system can lead to phenotypes of human ciliopathies (Gerdes et al., 2007) . Bisgrove (Bisgrove and Yost, 2006) suggests that primary cilia might act as a switch between the classic Wnt signal pathway and the non-classic Wnt/PCP signal pathway that has an important role in the development of kidney. In vertebrates, cilia also function in the developmental process of the neural tube and extremity which depends on the Sonic hedgehog (Shh) signal pathway (Huangfu and Anderson, 2006) . Cilium is the chemosensor for the detection of extracellular Shh. Primary cilia also have a part in the desmocyte's growth control process in which platelet-derived growth factor (PDGF) signal pathway participates. The PDGF signal pathway participates in numerous processes related to morphogenesis, including proliferation, survival and migration. The PDGF-a receptor is localized in the primary cilia of NIH3T3 cells and mouse embryonic fibroblasts (Schneider et al., 2005) . In addition, many studies coming from animal models indicate that primary cilia have an essential role in embryogenesis when the organism forms correct symmetrical patterns. Further studies show that cilia-associated proteins participate in the regulation of cell cycle. The relationship between primary cilia and cell-cycle control is clearly demonstrated by the mutation of IFT genes. In HeLa cell, RNA interference technique is used to inhibit IFT88 gene and the cell cycle is promoted, while the overexpression of IFT88 would delay the transformation from G1 to S phase (Robert et al., 2007) .
Cilia and associated diseases
The constructional and functional defects of cilia are involved in many kinds of human diseases, such as renal cyst, retina degeneration, liver fibrosis and brain malformations. The discovery of cilia-associated diseases and their syndromes can be dated back to the 17th century. Fabricius reported the phenomenon of organ reversal in 1606; Marco Severino reported the aristocardia case in 1643 (Klysik, 2008) . Studies from bacteria to mammals reported so far, have emphasized to us the importance of understanding the relationship between cilia and diseases. Cilia are multi-subunit complex structure consisting of hundreds of proteins. Any depletion of protein functions is enough to result in defective or even function-deprived cilia. The depletions of normal function of cilia are tied to many kinds of human diseases and syndromes. All the diseases caused by cilia or its basal body defects are collectively called the ciliopathies (Mans et al., 2008) (Table 1 ). The importance of cilia disorder in many diseases is being gradually understood in recent years.
The mutation of gene encoding the cilia-associated proteins may lead to the appearance of cilia that are deprived of part or whole of their motion function, leading to a set of human diseases named primary ciliary dyskinesia (PCD). In the 20th century, after A Siewert discovered the striking relationship between bronchiect and organ reversal, a large number of researches about PCD have been undertaken (Chodhari et al., 2004) . The complex PCD phenotype is an autosomal recessive inherited disease caused by cilia construction defect or motion abnormality, whose clinical manifestations are respiratory infection, male sterility, anosphresia and situs inversus viscerrum in nearly 50% of PCD cases. The motion function of cilia relies on the synergistic action from inside and outside dynein arms, radial spokes and nexin links, but individual suffering from PCD disease usually shows a mutilation of the aforementioned factors important to cilia motion. The common characteristics of cilia in most PCD sufferers are the abnormal structure and function. Further researches have indicated that the PCD diseases arising from ciliary immotility are usually caused by abnormal dynein arms, radial spokes or central microtubule doublets. The first reported ultrastructural defects in PCD sufferers are dynein arms depletion (Angelo and Franco, 2009) , and 80% of ciliary dyskinetic disease cases are caused by dynein arms depletion, and outside dynein arm depletion is most commonly seen (Noone et al., 2004) . Hydrocephalus is a rare clinical symptom in PCD disease but it has been studied more extensively. The main manifestation is that ventricular fluid overconcentrates in cerebral ventricle, and this kind of overconcentration involves the impaired flow of ventricular fluid. Hydrocephalus formation lies in abnormal flow of ventricular fluid caused by the loss of cilia motion function in ependymal layer. These conclusions are fully confirmed by numerous researches about heavy-chain mutation Mdnah5 of mouse dynein, or a hypomorphic mutation in the IFT protein polaris (IFT88) as well as in zebrafish larvae in which IFT proteins such as polaris are disrupted by mutation or antisense morpholinos (Bisgrove and Yost, 2006) . Primary cilia act as an antenna, sensing the external environment. Genetic mutation affecting primary cilia's structure and function may lead to a broad spectrum of diseases, including cystic kidney, hepatic and pancreatic abnormalities, obesity, skeletal malformations and severe developmental defects. Laurence and Moon first reported Bardet-Biedl syndrome in 1866 (BBS) (Laurence and Moon, 1866) . Several decades later, a new description of features was added by Bardet and Biedl (Angelo and Franco, 2009 ). BBS syndrome is a kind of genetically heterogeneous pleiotropic disease in genetics, whose clinical manifestations are gonadal abnormalities, kidney abnormalities, retinal degeneration, mental retardation, obesity, diabetes, polydactyly and sinus inversus. The two kinds of genes, BBS1 and BBS10, register as common mutations in most individuals of the BBS syndrome. Most BBS genes encode proteins that participate in the cilia vital activities process, and the functions of the rest of the genes are still unclear (Mykytyn et al., 2003) . Most proteins encoded by BBS gene are located in cilia, basal body or centrosome complex. Kulaga (Kulaga et al., 2004) found that BBS1 and BBS4 proteins have an important part in the formation of normal cilia in mouse olfactory epithelium cell. A mouse in which BBS4 genes are knocked out, manifests the symptoms of retinal degeneration and male sterile because its spermium fails to form flagellae. In addition, both BBS7 and BBS8 proteins participate in the process of cilia IFT transportation (Ou et al., 2005) . Retinitis pigmentosa, one clinical feature of BBS syndrome, is high in heterogeneous retina dystrophies that can cause night blindness and rapid vision loss. It has been found recently that RP1 of this sort of proteins participating in the I-type retinitis pigmentosa is located at the junction of photoreceptor and cilia (Hong et al., 2003) .
Each nephron cell contains one '9 þ 0'-type cilium, which functions as the chemical sensor organelle capable of detecting fluid flow through the tubule lumen. Mice-based researches showed that the defect of ITF gene could lead to polycystic kidney disease (PKD). PKD and nephronophthisis commonly affect adults and children who suffer from incurable kidney diseases. Epidemiological data indicate that there are 600 000 people in the USA and 12.5 million around the world suffering from the PKD (Wilson, 2004) . Studies based on human and mouse models have shown that almost all the proteins disrupted in human PKDs are located in cilia, including polycystin 1, polycystin 2, fibrocystin protein, nephrocystin protein and inversin. Among them, polycystin 1 and polycystin 2 are important mechanosensory proteins in the kidney capable of detecting fluid movement over the epithelial cells of kidney. Pan J proposed that at least five out of seven human genes known to be related to kidney diseases are defective in the case of PKD disease (Pan et al., 2005) (Table 1) .
APC and its various functions
The predisposing gene APC of familial adematous polypsis disease is an important antioncogene, first discovered in the research on Gardner's syndrome in 1986, isolated and identified in 1991 (Herrera et al., 1986; Groden et al., 1991; Kinzler et al., 1991) . The APC gene is located in the long arm of chromosome 5 (5q21) (Groden et al., 1991) and contains an 8538 bp openreading frame with 21 exons encoding a polypeptide of 2843 amino acids (Thliveris et al., 1996) . The Codons region from number 1286 to 1513, less than 10% of the whole-gene sequence, is called mutation cluster region (Miyoshi et al., 1992) where 60% of somatic mutations occur. The mutation cluster region sits inside of the 15th exon, which accounts for 75% of coding sequence of APC and is the common target of mutation of germline and somatic cell (Beroud and Soussi, 1996) .
The product of APC gene is a 300 kD hydrophilic protein, which is present in cytoplasm. APC protein has several functional regions in structure. N-terminal has an oligomerization domain and an armadillo repeat region, while internal region has 15-amino acids and 20 amino acids repeat fragments. C-terminal has a basic domain, a binding site of end-binding protein (EB1) and the human disc large protein (Fearnhead et al., 2001) . The N-terminal of APC protein is a homo-dimers oligomerized and formed by heptad repeats with coiled structure. The existence of 6-57 amino acids has a significant part in oligomerization (Joslyn et al., 1993) . The armadillo region consists of seven repeats among residues of 453-767. This domain is highly conserved and stably retained in APC-mutated individual. At present, it is known that the association of armadillo repeat with the APC-stimulated guanine nucleotide exchange factor shows certain effect of APC on the stability and mobility of the actin cytoskeleton network (Kawasaki et al., 2000) . The intermediate portion of APC protein is the binding site of b-catenin. Three 15 amino-acid repeats are located among 1020-1169 amino acids. As in the armadillo region, these repeats are also highly conservative and stably present in mutant APC proteins (Rubinfeld et al., 1993) . There are 7 of 20-amino-acid repeats in APC internal region, and APC protein contains a repeat fragment that can bind with b-catenin, but only a single 20-amino-acid repeat is essential for such binding (Rubinfeld et al., 1997) .
b-catenin cannot bind with APC protein before phosphorylation of this repeat sequence by GSK3b, just like the 15 amino-acid repeat fragments. APC protein cannot have a role in downregulation of b-catenin in the cell until there are at least three of 20 amino-acid repeats in APC. The basic domain which is the binding site of microtubule is a 2200-2400 amino-acid sequence at the C-terminus of APC, whose name is derived from the existence of the large proportion of arginine and lysine residues in this region (Groden et al., 1991) . Truncated APC in colorectal cancer merely keeps the basic domain. At the C-terminus of APC protein, there is a binding site for EB1. It was discovered that, in the whole cell cycle, EB1 is associated closely with centrosome, mitotic spindle and distal tips of microtubules. APC is also located in microtubule cytoskeletons, especially at the plus ends of growing microtubule (Mimori-Kiousue et al., 2000) . Recent studies show that if EB1 binding site is defective, APC protein can still bind with microtubule through the basic domain, but the binding misses selectivity, which indicates that EB1 conduces to the APC's location to the microtubule tips, which facilitates the interaction between APC and other special sites at the cell membrane (Tirnauer and Bierer, 2000) . EB1 protein itself has no direct role in tumorigenesis. Colon carcinoma cell and transgenic mouse with a truncated APC (lack of EB1 binding site) do not show the increased risk of carcinogenesis (Smits et al., 1999) . The C-terminus of APC can bind with human disc large, which is the human homolog of the Drosophila discs large tumor suppressor protein. If APC loses the final 72 amino acids at C-terminal, the association between APC and human disc large is going to be abolished (Matsumine et al., 1996) . The overexpression of APC inhibits the cell-cycle progression from the G0/G1 phase to S phase. Latest evidence indicates that APC-human disc large complex is responsible for the above-mentioned effect in cell cycle in a manner without relying on the effect of b-catenin . On the whole, each domain of APC has specific functions and various structures, and the multiple domains of APC allow it available for interaction with many kinds of protein partners (Figure 2 ). APC is a multifunctional protein participating in several cellular life processes. Studies using mutant mice and cultured cells have shown that APC inhibits the canonical Wnt signal pathway, which is essential for tumorigenesis, cell multiplication and differentiation, development and homeostasis of a variety of tissues, such as the intestinal, skin and immune system tissues. When the signal pathway has become active, b-catenin initiates the expression of T-cell factor-dependent transcription of Wnt-target genes. Through complicated intracellular mechanism, APC has a dominant role in the process of suppressing the classic Wnt signal pathway. APC combines with GSK3b and actin to form a complex that promotes b-catenin phosphorylated and consequently ubiquitin-dependent degradation of bcatenin (Cobas et al., 2004) . It is discovered in further researches that APC also has a key role in other basic vital activities, including the adhesion and migration of cells, organization of actin and microtubule skeleton network, spindle formation and chromosome segregation, and so on (Brault et al., 2001) . Inactivation of APC may make cell lose adhesion and cause the tumorigenesis (Rubinfeld et al., 1996) . APC affects the cell adhesion through controlling the distributions of bcatenin and E-cadherin between the cytoplasm and the cell membrane. In addition, it has been reported that APC regulates the microtubule network in cells, and may be involved in vital activities mediated by microtubule-like cell migration and spindle formation (Kemler, 1993) . APC protein is present at the ends of microtubules, combining with microtubule and taking effects in stabilization. Studies using small-interfering RNA technique showed that the depletion of APC may inhibit cell migration and formation of protrusion, while the downregulation of APC gene expression decreases the stability of overall microtubule stability and the linear arrangement level of peripheral microtubule for cell migration (Bienz, 2002; Freese et al., 2010) . Cterminal of APC is important to the stability of chromosome during mitosis. It is indicated that the loss of APC induces mis-segregation of chromosomes (Figure 2) . The truncating mutations of APC can cause chromosome instability, which is considered as the driving factor for initiating tumorigenesis (Sotillo et al., . Two main effects are exerted by APC in the process of mitosis: the regulation of centrosome replication through the interaction with centrosome and microtubule; and helping the mitosis spindle to separate homologous chromosome appropriately at the kinetochre (Kaplan et al., 2001) . APC protein is the integral part of a great number of vital life processes so it becomes the ideal target for mutation in carcinogenesis.
APC and diseases caused by its mutation
It is clear that APC is an important protein in organism and has a key role in number of vital life processes. Mutation of antioncogene like APC gene results in occurrences of many kinds of diseases and produces incomplete APC protein. The mutation is not only related to the familial adenomatous polyposis (FAP) but also has a rate-limiting role in the generation of sporadic colorectal cancer (Figure 3) . FAP is one of the autosomal-dominant inherited disease characterized by the development of small adenomatous polyps widely throughout the large intestine, which is associated with a very high risk of colorectal cancer. The number of polyps increases with the growing age accompanied by many characteristics of different extracolonic manifestations, such as congenital hypertrophy of the retinal pigment epithelium (CHRPE; 80%), desmoids (25%), gastric fundic gland polyps, duodenal adenomatous polyps, osteomas, dental abnormalities and soft tissue tumors (Signoroni et al., 2007) . Among them, benign tumors usually progress to carcinomas if they are not removed in time. FAP was first reported in 1925 and scientists had described in detail the pathology characteristics (Fearnhead et al., 2001) . Polyps often appear in teenagers or young people in their third decade of life. The risk of cancer usually depends on the number of adenomatous polyps (Debinski et al., 1996) . Many extraintestinal pathological changes can coexist with polyps, and therefore, FAP has many other phenotypic features like gastrointestinal tumors and CHRPE that commonly exist in FAP sufferers. At present, FAP is diagnosed by colonoscopy and the commonly used treatment method is surgery that involves total colonectomy and proctomucosectomy with ileal pouch-anal anastomosis. It has been discovered that the CHRPE and desmoids are related to the mutation at definite region of the APC gene (Caspari et al., 1995) . Moreover, in the mutation sites of APC database, the majority of the serious clinical symptom representations are caused by minor defect in codon 1309 (Beroud and Soussi, 1996) . Mutation at this site may cause the early development of colorectal polyps. The genetic basis of FAP relies on the genetic inheritance mutation of APC gene (Figure 3 ).
Colon carcinoma is one of the most common malignancies in the USA and Western Europe, and is also one of the main factors of disease incidence and fatality caused by cancers throughout the world. It is reported that there are about 213 000 new cases and 110 000 deaths of colon carcinoma every year (Pisani et al., 1999) . The lifetime of suffering colon carcinoma risk accounts for 5% of in the total population, and the figure varies remarkably with age: in the western countries, about half of the population over the age of 70 carries various degrees of adenoma (Fodde, 2002) . Genetics studies wherein which mouse model was used indicate that mutation of APC gene has a close relationship with intestinal tumorigenesis. Somatic mutations in APC gene has been detected in the majority of colorectal cancers. At least four genetic changes appear sequentially to ensure colorectal cancer evolution, including an oncogene (KRAS) and three antioncogenes (APC, SMAD and P53). The functional defect of APC is exactly the initiating and triggering factor of these cascade changes, which eventually lead to the malignant transformation of large intestine (Fodde et al., 2001) . In all, 60-80 in 100 of sporadic colorectal cancers carry APC gene mutation (at least one site mutation), and a similar frequency was reported in colorectal adenomas (Narayan and Roy, 2003) . The mutation of APC gene is one of the early events in the process of sporadic colorectal cancer and colorectal cancer (Figure 3 ).
Study on APC mutation and cilia-related diseases
In general, cilia and APC are two very important components in organisms. The defects in their function will cause a series of human diseases. Moreover, although the relationship between APC mutation and Cilia and APC Z Li et al cilia impairment is unclear yet, studies in recent years have found that mutations of APC result in a number of diseases that are related to cilia growth impairment, suggesting that cilia may have a slight and close relationship with APC in certain aspects (Go´mez Garcı´a and Knoers, 2009 ). The detailed theoretical evidence is as follows: First of all, researchers have found that cilia and APC conjointly participate in certain important signaling pathways. The Wnt signal pathway regulates a sort of vital activities processes, and participates in generation, differentiation, polarization, apoptosis and antiapoptosis of cells. Studies in recent years have found that Wnt signal pathway also has an important role in regulating many aspects of development process of the nervous system from the patterning stage through the regulation of neural plasticity (Freese et al., 2010) . Cilia serve as a switch between classic Wnt signal pathway and Wnt pathway. The cliliary defect can result in the enhancement of the classic Wnt signaling pathway (Aoki and Taketo, 2007) . Although in the APC-mutated cells, APC is not able to downregulate b-catenin. In normal conditions, both APC and cilia inhibit classic Wnt signaling pathway. Renal cyst is a frequent cilia-related disease, mainly caused by PCP signal pathway's abnormality, which results in the growth and regulation disorder of epithelial kidney cells and ultimately the renal cysts (Bnzing et al., 2007) . This may be associated with the loss of function of the cilia and APC in inhibiting classic Wnt signal pathway. In the PDGFR signaling pathway, b-catenin and PDGFR form complex and cause the migration of cells, in which PDGFRa is a tyrosine kinase receptor in the ciliary membrane. Signoroni et al. (2007) found the connection between cilia and FAP, while in desmoid tumors, the activity of PDGFR pathway is very important. Shh signaling pathway has a significant role in the embryonic development of neural tube and limbs. Kinesin family member 3a (KIF3a) belongs to the kinesin superfamily of microtubule transport protein (Davenport and Yoder, 2005) , and is one of the four proteins necessary for ciliogengesis in Shh-dependent cell. In the Shh signal pathway, the relevance between cilia and APC protein depends on the fact that both APC and b-catenin are transported by KIF3a along the microtubules and accumulate at the tips of cilia. It is speculated to be very important for APC to practice the function of regulating cell migration (Jimbo et al., 2002) . It is clear that b-catenin has an important role in cilia and APC protein; both APC and cilia can downregulate b-catenin as the target in cell; both b-catenin and cilia participate in PDGFR pathway; APC gene mutations result in the Gardner syndrome, mostly cluster at the region encoding a series of amino-acid repeat sequences responsible for the binding to b-catenin. It has been found in animal model studies that the overexpression of b-catenin may result in PKD and appearance of the retinal pigmented epithelium phenotype, thus b-catenin may be a crucial mediator of ciliary disorders.
The relationship between cilia and APC is further supported by the presence of common clinical manifestations of the Gardner syndrome and cilia-related diseases. The Gardner syndrome is a relatively serious disease with various clinical symptoms, and considered as a modification of FAP, instead of another entirely distinct subtype of the disease. The Gardner syndrome exhibits the prominent extracolonic symptom of FAP, for example, osteomas, skin cysts, congenital hypertrophy of the retinal pigmented epithelium and desmoid tumors (aggressive fibromatosis). Further studies found that some or at least subtle manifestations of the Gardner syndrome are contained in most FAP sufferers (Galiatsatos and Foulkes, 2006) . The rate of developing desmoid tumors in FAP sufferers is 10-15%, with tumors often located at the abdominal wall and intraabdominally as the second factor of FAP sufferers' death (Hemmer et al., 2004) . In addition to skin tumors, epidermal cysts, lipomas, leiomyomas and fibromas, CHRPE is a very common manifestation of FAP. Like FAP, Gardner's syndrome is also caused by APC gene mutation. Hereditary desmoid disease often represents multifocal fibromatosis, osteomas and epidermoid cysts, but no colonic polyps in general. Miyaki et al. (2008) found that this disease is caused by the truncated mutation of APC on the 1914 codon, including three out of seven 20-amino-acid repeats. Further researches discovered that the mutation at 1256 site has important connection to the occurrences of epithelial cyst, fibroid, ossous and dental anomaly (Bertario et al., 2003) . The APC truncation can not only affect the association and regulation with b-catenin, but also results in the Gardner's manifestations. In general, molecular basis of different extracolonic manifestations in FAP disease comes from APC gene mutation at definite sites. Interestingly, the clinical representation of most common ciliopathies also exists in the Gardner's syndrome. Renal cyst representation is not only one of the features of FAP sufferers, but also frequent in most known ciliadefective diseases. Some studies showed that in transgenic mice, either APC mutation or b-catenin overexpression would cause the occurrence of renal cyst (Saadi-Kheddouci et al., 2001) . Another research indicates that the disorder of the classic Wnt signal pathway would result in PKD and can predispose a person to the development of renal neoplasia (Fodde et al., 2001) . The hepatic fibrosis is a common symptom of cilia syndrome, while aggressive fibromatosis disease is a feature of FAP and sporadic (caused by somatic mutations in b-catenin) desmoid tumors.
In addition, the important coherent proteins influenced by APC mutation like EB1 and KIF3a are both APC-binding proteins, and at the same time the ciliaassociated proteins that participate in the transportation in cilia. In fibroblasts, the defect of EB1 would lead to the primary aggregation and inhibit the formation of cilia (Ahmed et al., 1998) (Figure 3) . Giardiello et al. (1997) found that the defect of functional domain of EB1 also has an important role in the occurrence and development of the Gardner's phenotype syndrome. In neural cells, KIF3a is an important ciliary protein, which transports the APC and b-catenin along the microtubules and concentrates them at the tips of cilia.
Conclusions and further studies
With the recognition and detection of many related diseases being caused by APC mutation and growth disorder of cilia, cilia and APC as two important cellular components have attracted more attentions from the researchers to study their roles in the pathogenesis of many diseases. Their roles in the pathogenesis of many diseases have also become areas of intense research interests in recent years. For some hereditary diseases, study has shown that there also exists subtle relevance between mutation APC and abnormal cilia in the complicated and manifold operation system of organisms. It indicates that both APC and cilia may have a role together in the pathogenesis of some diseases, although detailed mechanism is not fully clear yet. Further understanding on the mechanism of APC and cilia will have a significant impact on promoting the fundamental study in the areas pertaining to cilia and APC, which in turn will hold great potential for clinical therapy of patients with FAP and ciliopathies.
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